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Abstract
This dissertation was written as a part of the MSc in Energy Systems at the International
Hellenic University. Climate Change is a common natural phenomenon, with impacts
that are becoming more adverse due to anthropogenic activities. Renewable Energies
offer  the  ability  to  heal  the  devastating  consequences  of  human  behavior,  although
being vulnerable.to  climate  change.  Hydropower,  as  a  renewable energy resource is
playing a key role in a global effort to ensure an ecofriendly future. The energy sector,
as  life  preserver,  should  be  protected  against  climate  change,  therefore,  different
measures and strategies should be applied accordingly.
Greece,  as  part  of  Europe,  is  already  facing  global  warming  in  all  aspects  of  life.
Hydropower production can offer the opportunity to withdraw from a coal dependent
energy  production.  Studies  have  been  conducted,  that  evaluate  the  current  climate
conditions and other indicators,  such as precipitation,  temperature and runoff, which
influence  hydropower  production.  Estimations  and  proposals  for  the  future  include
reservoir  volume  control,  water  management  programes  and  enhanced  managerial
strategies.
To finalise, I would like to express my gratitude to my supervisor Panagiota Galiatsatou
for her quidance
Triantafyllia Koudouni
14-12-2018
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1 Introduction
In the last decades the global climate system is undoubtedly been severely affected by
anthropogenic  emissions  of  greenhouse gases.  The atmosphere  has  become warmer,
snowmelt  has  increased,  oceans  have  become warmer  and sea  level  has  risen.  Our
generation has the responsibility to ensure a sustainable future for the next generations. 
Multiple scientific studies and organizations worldwide agree that climate change is a
growing threat to our society. Earth's climate is a very complex system having a chaotic
dynamic, difficult  to understand and analyze.  Climate scientists have created climate
models, a useful tool which uses historical and observational data to predict the future
climate. There is difficulty to calculate the future carbon dioxins emissions accurately
so the International Panel on Climate Change (IPCC) has developed scenarios under
which the models produce results.
The main future target is to reduce greenhouse emissions, which requires the energy
sector  to  be  less  fossil  fuel  dependent,  while  penetration  of  renewable  energy  and
increase of the energy efficiency are the key elements. Climate models project changes
in  climate  variables  such  as  precipitation,  wind  speed  and  temperature.  Renewable
resources are reliant on climate and vulnerable to changes in climate. 
Hydropower as a cheap and well known technology has the ability to contribute to the
reduction of greenhouse gases. By its nature it is vulnerable to changes in the water
cycle that affect the water availability and the power production. Regarding impacts of
climate change on hydropower concerning Greece,  there is evidence of reduction in
precipitation and runoff, while prolonged summers are expected, affecting the reliability
of the installations. 
Actions to establish a functional water sector that is ready to withstand the upcoming
climate  conditions  and  secure  energy  demand  and  supply  should  immediately  be
implemented. 
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2 Climate Change
2.1 Climate Change Evolution
Climate change is not an unnatural phenomenon. In Earth's history there have been
cycles of glacial advance and retreat, while scientific evidences depict that the end of
the last ice age occurred about 7000 years ago. Then the modern climate era began,
where the first traces of human civilization emerged. Most of these climatic changes
are the result  of  small  variations  in Earth's  orbit  that  affect  the solar  energy our
planet receives.
          Figure1: The climate system, its subsystem and relevant interactions.
            Source: Batisha, A. F. (2015).
A  proportion  of  solar  radiation  that  reaches  the  atmosphere  is  absorbed  by
greenhouse gases keeping our planet warm enough for life to exist. Unfortunately,
anthropogenic  activities,  mostly  burning  fossil  fuels  and  transportation,  have
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increased  the  concentrations  of  greenhouse  gases  causing  a  significant  rise  in
temperature contributing to warming of the Earth. The predominant pollutant gas is
carbon dioxide (CO2), which represents 76% of the greenhouse gas emissions. The
concentration  of  CO2 has  increased  from 277ppm  in  1750  to  397ppm  in  2014,
whereas sometimes it exceeds the level of 400ppm. (Berga, L. 2016). In 1992, the
United  Nations  Framework  Convention  on  Climate  Change  (UNFCCC),
demonstrated a legal scheme to deteriorate these emissions. After many efforts the
21st session of the Conference of the Parties (COP21) eventually took place in Paris.
With more than 36000 participants, parties came to an agreement, that immediate
efforts should be made to prevent the average global temperature to rise more than 20
C above pre-industrial levels. Each country is obliged to establish its own plan. So
far, most of the countries strategies of mitigating greenhouses gases are limited  up
until  the  year  2030.  So,  additional  efforts  should  be  made  after  the  year  2030.
Fortunately, we have the technology and the solutions to accomplish it.
Undeniably, evidence of climate change by human activities occur around the world. In
regard  to  climate  change  policy,  it  has  progressively  shifted  from  mitigation  to
assessment  and  adaptation  methods.  Global  warming  is  expected  to  put  at  risk
agriculture,  tourism,  water  resources,  health,  insurances,  facilities  and  the  energy
demand and supply. 
Assessment  of  climate  change  impacts  on  the  energy  sector  includes  many
uncertainties. By its nature, climate is complex. Still nobody knows exactly the type, the
period and the extent of these impacts.
 It's not being long since scientists have started to explore the unknown climate change
impacts  on  the  energy  sector,  thus  knowledge  on  this  subject  is  still  in  a  way
“primitive”.
 Possible impacts of climate change on renewable energy sources giving more emphasis
on hydropower production around the world and in Greece combined with adaptation
measurements are presented in the present dissertation. 
Undeniably,  climate change is associated with alterations in the intensity of extreme
weather events such as tropical cyclones, floods, droughts, extreme snowfall and heavy
precipitation. Even a small change in temperature will have irreversible consequences in
agriculture, human health, water stress, animal survive as well as global economy.
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2.2 Climate models, scenarios and projections
2.2.1 Climate models
The  Earth's  climate  is  not  stable.  It  is  a  result  of  the  interactions  between  the
atmosphere,  hydrosphere,  cryosphere,  land and biosphere.  Examining ice cores, lake
sediments, corals, tree rings and ground water reveal that our planet has experienced
extreme climate alterations millions of years ago. Scientists have concluded that climate
change follows cyclic patterns (200 millions, 100000 or 4-7 years. [1]. 
Anthroposphere is the sixth component of the climate, which includes all the human
activities that exercise influence on Earth's surface and atmosphere. At the top of them
are emissions of substances which alter  the radiation balance and land use.  A well-
established climate model should include all the aforementioned interactions. Scientists
have created different types of models and it's up to them to choose the appropriate
model combination that produces robust results for a specific question [2] 
Climate models are “the primary tools available for investigating the response of the
climate system to various forcing, for making climate predictions on seasonal to decadal
time scales and for making projections of future climate over the coming century and
beyond  [3].  They  examine  changes  in  the  atmosphere  and  oceans  using  equations
founded in the classical law's physics. The results of climate models are not considered
as predictions or forecasts as they involve many uncertainties they are established as
'projections'[4] 
Global  Climate  Models  (GCMs)  are  advanced  mathematical  models  that  divide  the
three-dimensional  atmosphere  and ocean into rectangular  “boxes.”  The fourth IPCC
(2017) [5] report, uses grid-boxes that are by 2 degrees latitude by 2 degrees longitude
and by 1 Km high. It is obvious that modelling rainfall, clouds, temperature and winds
over  such  widespread  area  is  a  simplification  which  does  not  spot  smaller  scale
variations. In this situation downscaling is needed. 
A smaller  sub-model  of  high  resolution  within  the  GCM is  created  which  captures
smaller scale changes occurring in the region of interest. [1].
The necessity of projecting more accurately climate change, resulted in more complex
climate  models  that  include  additional  aspects  of  the  climate  system  such  as
atmospheric chemistry and aerosols, soil vegetation, land and sea ice. Theoretically, the
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more complex and updated the model is, the better its performance. However, many
studies using different level of complexity have shown almost the same results. For
example, CMIP3 and CMIP5 (Coupled Model Intercomparison Project) which provide
output from over 50 GCMs with spatial resolutions ranging from about 30 to 200 miles
(50  to  300  km)  have  shown  almost  the  same  results  in  mean  changes  in  extreme
precipitation and temperature. [6].
There are two ways of extracting information from GCM and adjust them to regional or
local aspects of climate.1) numerical downscaling (Regional Climate Models) and 2)
empirical statistical downscaling.
Regional Climate Models (RCMs) are used to dynamically downscale GCMs to provide
high resolution projections of climate parameters to be used in different local studies.
[3] .
The size of individual grid cells in such models ranges ranges from1 to 2 km between in
some  studies,  but  mostly  is  between  10  to  50  km.  [6].  They  have  the  ability  to
implement  an  extensive  spectrum of  variables  that  resolve  regional  climate  aspects.
Often, they are exploited as a planning and decision-making tool at a local level. Still,
RCMs are premature to model changes that are beyond the model's ability and require a
high computational capacity.
Empirical  statistical  downscaling  models,  on  the  other  hand  are  simple  and  less
computationally demanding (a workstation or a personal computer in most of the cases
is  enough),  but  a  large  amount  of  historical  observations  of  the  local  parameter  of
interest is needed. In any case, statistical  models are reliable only if the relationship
between large-scale weather systems and local climate conditions are immutable [6].
2.2.2  Climate scenarios 
Climate  projections  are  interpreted  in  the  form  of  scenarios,  that  investigate  the
relationship  between  human  activities,  emissions,  concentrations  and  temperature
change.  Some  of  them  are  based  on  fossil  fuels  dependency,  while  others  can  be
succeeded in case actions to reduce emissions are taken. The first Intergovernmental
Panel on Climate Change Assessment Report (IPCC FAR) have formulated three types
of  scenarios:  equilibrium  scenarios,  in  which  CO2 concentration  is  fixed,  transient
scenarios, in which CO2 emissions will increase by a fixed percentage each year over
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the duration of the scenario and final brand-new Scientific Assessment (SA90) emission
scenarios based on World Bank population projections. [6]
Target scenarios also have been developed which include a certain level of emissions or
temperature  to  be  achieved.  SA90,  IS92,  and  SRES  are  complex  emission-based
scenarios, that visualize the social, technological and economic picture of future worlds.
Then they are used as inputs to Intergraded Assessment Models to extract emissions as
output. During the last two decades time –dependent scenarios have been developed.
They  are  not  emission  scenarios  but  radiative  forcing  ones.  They  are  numbered
according to the change in radiative forcing by 2100: +2.6, +4.5, +6.0 and +8.5 watts
per  square meter  (W/m2)  while  the first  three of them have the advantage of being
climate –policy scenarios [6]. 
2.2.3 Climate projections 
A climate projection is the simulated response of the climate system to a scenario of
future  emissions  or  concentration  of  greenhouse  gases  and  aerosols  derived  from
climate models. They differ from climate predictions by the dependence on emission or
concentration scenarios [6]. They describe the change of different climate variables of
the climate system over decades under certain scenarios. Undefined climate projection
uncertainties emerge due to the fact that climate by its nature varies as time goes by.
Climate models include inaccuracies and it is extremely difficult to predict the future
patterns of greenhouse gas emissions. 
In cases where timescale projections are carried out, over less than 30 years horizon
uncertainties  derive mainly from the natural variability of climate,  over 30-50 years
horizon emissions scenarios and climate model are main drivers of uncertainties and
finally over more than 50 years horizon, the emissions scenarios contribute the most to
the  climate  projection  uncertainties.  These  findings  illustrate  that  the  key factor  of
uncertainty  associated  to  time  is  very  important  in  decision  making.  However,  the
aforementioned uncertainties should not be considered as obstacles or an excuse for not
taking action on climate change. Scientific effort should be intensified to present more
accurate and reliable climate models.
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2.2.4  Countries vulnerable to climate change
According to the German watch Global Climate Risk Index 2017[7], poorer developing
countries  such  as  India,  Myanmar,  Ghana  and  Mozambique  in  2015  were  mostly
affected by climate change effects.  Unfortunately, not only developing countries were
struck by weather catastrophes. During 2003, an extensive heat wave covered several
European countries and more than 70.000 people died. Additionally, in the last decade,
unreasonable  precipitation,  causing  deadly  floods  affected  millions  of  people
throughout the world. As our planet becomes warmer, the global hydrological cycle will
be affected subsequently. Mankind will suffer from even more intensive and disastrous
rainfalls as well as snow melt. 
A study by [8]  stressed that single precipitation events are expected to increase at a
higher rate than global mean changes in total precipitation, and those increases will take
place in dry and wet regimes. There will be regions that will suffer from water shortage
and others from water flooding.
The University  of  Notre  Dame’s  Global  Adaptation  Index (ND-GAIN),  using some
indicators, showed that Bangladesh, Burkina Faso, Ethiopia, Kenya, Mali and Uganda
are the most vulnerable countries to climate change and the least prepared to adapt to
the  new climate  conditions.  In  general,  the Index reveals  that  these  countries  make
efforts to reduce their vulnerability and be prepared for the upcoming climate change.
[9].
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3 Renewable Energies
Renewable energy sources are bonded with the cycle of nature and are practically
inexhaustible. Equally there are renewable technologies that harness them to produce
day and night electricity and strengthen the electricity grid. In order to reduce the
disastrous consequences  of  the  rise  of  Earth's  temperature,  the  intensive  use  of
renewable energy should be considered as a possible option.
3.1 Renewable energy and Climate Change
It is established that the energy sector is the main polluter of the environment due to
the production, refining and use of conventional fuel.
It is time to move to a less dependent fossil fuel electricity production by transitioning
to renewable and more environmentally friendly energy. The potential energy supply
from renewables  is  very  large.  Renewable  energy  derives  from natural  replenished
geophysical  or  biological  resources,  like  sunlight  wind,  biomass,  rain,  waves  and
geothermal heat.
Hydropower, solar and wind energy should be considered in an integrated way, as they
create  synergies,  because wind and solar  energies  are  infrequent  and volatile,  while
hydropower aborts variability and balances the electricity system.
Exploitation of renewable energy is very important to deteriorate climate change,
however  renewable  sources  are  closely  linked  to  climate  which  makes  them
vulnerable to climate changes [10].
Research  on  impacts  of  climate  change  on  renewable  energy  has  nowadays
increased  considerably.  The  following  sections  illustrate  possible  impacts  of
climate change on many different forms of renewable energy.
-13-
3.1.1 Impacts of Climate Change on Solar energy
Solar  energy  is  considered  the  third  major  renewable  form  of  energy.  It's
dependency on accurate climate information to obtain maximum energy output and
stability  makes  the  assessment  of  climate  change  impacts  on  its  productive
mechanisms vital.
Global projections associated with photovoltaic (PV) and concentrated solar output
suggest  that  photovoltaic  output  is  likely to undergo a  few percent  increase in
Europe and China, slightly change in Algeria and Australia and decrease by a few
percent  in  western  USA  and  Saudi  Arabia.  Additionally,  estimations  on
Concentrating Solar Power (CSP) output revealed that CSP is more vulnerable to
climate changes, stressing a significant increase in Europe and China and a few
percent decrease in western USA and Saudi Arabia [11].
Under  the  1.50  C  and  20  C  global  warming  scenarios,  moderate  reduction  is
projected for  solar  photovoltaic  generation in Europe,  except  Greece,  Portugal,
Spain and Cyprus where the reduction is likely to be insignificant. Under the 3 0C
warming,  changes  in  most  countries  will  be  below 5%,  except  the Baltic  and
Scandinavian countries, where reduction will range between 5%-10% [12].
In Bulgaria, expected changes in annual energy potential of solar radiation over the
period 2012-2050 have shown that there will be an increase of 2-3.5% in the north
eastern part  and 2-6% in mountainous areas.  Additionally,  a slight decrease  of
solar energy is expected in south - western Bulgaria (-0.5%). Solar radiation will
increase in winter in the whole country especially in the northern and southern
parts of it (8-10%). In the summer, solar radiation is expected to increase (0- 4%)
depending on the location. In autumn, reduction of solar energy will occur in the
whole country especially in the south (from -2 to -4%) [13]. 
Regarding West Africa negative trends for solar  irradiation are projected except  for
Cape Verde whereas temperature trends are positive with a maximum of 0.08K/year for
Niger and a minimum of 0.03K/year  for Cape Verde. Except  for Liberia and Sierra
Leone, the rest of the countries should come up with a decrease in PV output [14].
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Global climate models have shown that in California a 95% confidence level, no
statistically significant projected changes in wintertime total or direct fluxes have
been observed [15]. 
Two periods  (2011 -2050 and 2061-2100) were used to  estimate  the  photovoltaic
change output in Greece related to changes in radiation and temperature. Results have
shown that between 2011-2050 the mean temperature increase ranges between 1 and
1.5 0 C and irradiance between 2 and 3, while by 2011-2100 the increase reaches 3.50
C and irradiance between 2-5W/m2 (watt per square meter), especially over central
Peloponnese, Epirus and Western Macedonia. Regarding PV energy output during the
first period, an increase of 1%-2% is projected for the whole country except Attica
and some areas in Thessaly and Central  Macedonia,  while  in the second period a
significant increase over the western mainland of Greece and Peloponnese is likely to
occur [16] . 
3.1.2 Impacts of Climate Change on Wind Energy
As we move on to a low carbon energy production, wind energy is likely to play a key
role  in  the  energy sector  in  the  next  decade.  Wind energy is  closely  dependent  on
weather and climate conditions. That means that regional differences in wind potential
are anticipated.
Wind speed is one of the main components of wind power. To assess the impact of
climate change on wind energy, the distribution and variability of wind speed should be
evaluated. Wind speed changes with height. Significant increases in the annual mean
near surface wind speed is expected on a global scale. In details, annually in Canada,
Siberia, Nothern Europe, tropical and subtropical regions in Africa, Central and South
America  are  expected  to  battle  with  stronger  wind  speeds,  whereas  in  Greenland,
southern Europe,  China,  India and much a large part  of South America wind speed
potential is likely to stress remarkable reduction. In some areas, the observed variations
of near surface wind speeds are attributed to alterations in storm track position.  For
instance, the exposure of Northern Europe to storm activity may result in an increase in
wind speed opposed to Southern Europe, where storm activity is almost  nonexistent
[17] 
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Examining  the  impact  of  climate  change  on  wind  energy  generation  in  the  United
Kingdom, Cradden (2009) found only small changes (±5%) in annual mean wind speed.
These changes tend to be more recognizable during winter than in the summer. [18]. 
These results are in consensus with the predictions of Nolan (2011) [19], stating that
changes in cyclonic activity will result in 4-10% increase of wind  energy during winter
and 5-14% decrease of wind energy during summer in Ireland.
According to Breslow and Sailor, (2002) [20], United States will come up against a
reduction in wind speed of 1 - 3% and 1.4 -4.5 % over the next 50 and 100 years,
respectively raising anxiety about the national wind power energy productivity.
Climate change in Brazil will affect the mean wind speed with an increase of 15-30%
mostly in the Northeast region of the country,  while a milder  increase in the South
region of Brazil (about 10%) is expected [21]. 
3.1.3 Impacts of Climate Change on Geothermal Energy
Geothermal is a form of energy stored in rocks and steam or liquid water in the Earth's
interior. It is the only form of renewable energy that doesn't derive direct from the sun,
so  climate  change  impact  on  geothermal  energy is  practically  negligible.  However,
geothermal  energy can play an important  role  in the reduction  of  greenhouse gases
emissions. This form of energy (almost inexhaustible), is used as a heat resource and to
produce  electricity.  Geothermal  fields  are  scattered  around  the  world.  USA,  China,
Philippines  and Mexico  are  among  the  top  countries  that  use  geothermal  energy to
produce electricity. Installations have also been developed in Europe. Emissions of CO2
from geothermal  fields are much lower than those produced from fossil  fuel  plants.
Iceland  can  be  considered  as  a  'big  geothermal  filed'  The  capital  of  the  country,
Reykjavik, is the city with no CO2 emissions, since geothermal water heats 90% of the
houses and the rest is heated by hydropower (83%) and geothermal energy (17%). 
[22]. 
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4 Hydropower
Hydropower is a cheap and well-known technology that has the ability to contribute to
the reduction of global warming and at the same time it can be used as regulator of
water resources.
4.1 History of hydropower
Hundreds  of  years  ago,  mankind was working to  discover  indigenous  ways  to  take
advantage of the energy of running water. Our ancestors, in Mesopotamia and Greece,
over 6000 years ago, evolved technologies for irrigation, while Persians 1000 BC used
channels to provide water. 
Greeks and Romans by exploiting water energy potential made the paddle wheel turn to
grind  grain,  a  diachronic  technology  still  useful  in  some  part  of  the  world.  This
beneficial  knowledge,  spread  immediately.  By  the  12th century  about  10000-15000
water mills have been constructed in Britain and Ireland, where also the first mills using
tidal energy emerged [23]. 
Michael  Faraday,  in  1831,  discovered  the  first  electric  generator,  establishing  the
foundations  of  producing electricity  from hydropower.  In  1878,  William Armstrong
invented the first hydroelectric machine in Northumberland in Britain, which provided
electricity to one single lamp. Three years later, the first sings of full scale of electricity
production have been developed in the Schoelkopf Power Station in Niagara [23]. 
The first  hydroelectric power plant has been constructed in Appleton,  Wisconsin,  in
1889, generating 12.5 kW. After that, in the next seven years the US numbered more
than 200 plants. In the 21st  century the pioneering technology spread around the world
leading to the construction of gradually bigger plants with increasing installed capacity.
Recently  Brazil  and  China  have  been  established  in  the  forefront  of  hydropower.
Undeniably, hydropower has a key role to play in the economic growth and prosperity
worldwide.[23]
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4.2 Hydropower in the world
According  to  the  International  Energy  Agency  Report  (2016)  [24],  global  power
production has increased by 6.3% in 2016 as a  result  of additional  wind, solar  and
hydropower capacity. Figure 2. shows the contribution of global sources to electricity
production.  Hydropower  accounts  for  16%, while  hydro  capacity  is  estimated  to be
around 1100 GW, with 160 GW capacity still to be constructed. 
 
            Fig 2: Sources of electricity generation in 2015
       Source:Berga, L. (2016). The role of hydropower in climate change mitigation
and adaptation: a review 
The International Hydropower Association report (Fifth edition 2018) [25] announced
that  4.185 Twh in electricity  was produced from hydro  installations,  preventing  the
emission of 4 billion tons of greenhouse gases and other pollutants. East Asia and the
Pacific added 9.8 GW of hydro capacity in 2017, South America 4.1GW, South and
Central Asia 3.3GW, Europe 1.9GW and North and Central America 0.5GW. China is
one  of  the  fastest  growing  economies  of  the  world  and  the  dominant  producer  of
hydroelectricity, with 9.1 GW installed capacity.
At  a  global  scale,  there  are  almost  1200 dams,  with  a  height  of  over  60  m,  under
construction, scattered in 49 countries around the world (mainly in Asia). About 202 of
them  have  been  constructed  for  electricity  production  and  half  of  them  have
multipurpose reservoirs [26].
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Renewable  energy  in  the  European  countries  covers  29.6%  of  the  total  energy
production,  of  which  10.7% comes  from  hydropower.  Europe,  a  highly  developed
hydropower market, had an installed hydropower capacity of approximately 223 GW by
2016. Germany has developed the largest energy system in Europe, interconnected with
10 other countries,  so variations  in its  power system directly affect  the neighboring
countries system. The installed hydropower plants represent a 6% installed capacity of
the total energy capacity (roughly 11.399MW). The hydropower market in Germany is
considered as saturated and the trends are in the direction of refurbishing, modernize
and expand the life of existing installations [25]. 
Norway, a mountainous country with many natural lakes and fjords, has established an
energy system based on hydropower. Almost 95 % of the total power has its origins in
hydro-installations. High rainfall in 2016 has led to the production of 144 Twh of clean
renewable energy, the highest ever recorded. Norway has an old hydropower and dam
infrastructure, almost 46 years, which should be upgraded. Despite that, Norway is still
working in the direction of increasing exploitation of its natural water resources [25]. 
4.3 Water cycle 
Hydropower  is  the  potential  energy of  moving  water.  By its  nature,  hydropower  is
vulnerable  to  changes  in  the  water  cycle.  The  cycle  consists  of  four  components.
Evapotranspiration,  precipitation,  runoff  and  ground  water.  As  solar  radiation  hits
rivers, lakes and the ocean, a portion of water evaporates which then condenses into
clouds. A part of it falls back to the surface as precipitation (rain and snow) and the rest
remains in the atmosphere and moves by the winds. Part of the precipitation evaporates
fast as it touches the ground and the rest goes deep in the ground. Plants absorb the
amount of water they need to grow and return back to the atmosphere a part of it by
evapotranspiration. 
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           Figure 3: the water cycle 
         Source : Hydro Quebec 
The remaining water in the ground accumulates in rivers and streams, which end up in
lakes and the ocean, where it evaporates, and the cycle continues. 
The most important component of the hydrological cycle is precipitation as it expresses
the available amount of water to be used. The quantity of water can be estimated by
applying the continuity equation known as water budget equation of hydrology. 
The latter is a statement of the law of conservation of mass and is given as: 
I=O+ΔS (1) 
I is the inflow volume of water during a given time period 
O is the outflow volume of water during the time period 
ΔS is the change in storage of the water volume during the given period.
Alterations in precipitation and temperature modifies water availability and therefore
hydropower generation. The main resource for hydropower generation is the difference
between precipitation  and evapotranspiration  that  turns  into runoff.  Global  warming
exposures  hydropower  production  by  modifying  the  water  amount  and  its  seasonal
cycle.
4.4 Hydropower types
There are three main types of hydropower projects worldwide. 
 The run-of- river schemes, which exploit the natural flow of water as it passes
through channels or a penstock. 
 The storage schemes, where a dam impounds water in a reservoir that supplies
the turbine and the generator.
 The pump storage  schemes  which consists  of  two reservoirs.  At  night  when
demand is low, water is pumped from the lower to the upper basin, from where
it  is  released  when  needed.  This  is  one  of  the  biggest  advantages  of  a
hydropower facility.
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The production of electricity of a plant depends on the water flow and the head, namely
the distance between the highest level of the water in the reservoir and the location of
the turbines, as well as on the efficiency of the turbines. Electricity is produced as the
turbine extracts the kinetic energy of the moving water and converts it to mechanical
energy.  As  a  result,  the  turbine  starts  to  rotate  at  very  high  speeds  and  drives  the
generator which converts the mechanical energy into electrical energy. 
History has proven that hydropower is the most efficient,  cheap, flexible,  renewable
energy source as plants built up to 100 years ago are still operational. It is easy to extent
their lifetime by modernization as well as upgrade the turbine and generator and the
infrastructure. 
4.4.1 Large and Small hydropower units
According to the amount of power production of a hydroelectric installation there are 4
categories of stations 
 large hydros (>10MW)
 small hydros(<10MW)
 mini hydros (<500KW) and 
 pico hydros (100kW)
4.5 Change of hydrological variables under global 
warming 
The 2017 International Energy Outlook (EIA, 2017) has projected that hydropower's
contribution to renewable energy will fall from 71% in 2015 to 53% in 2040 in the
Organisation for Economic Co-operation and Development (OECD) countries,  while
environmental concerns in many countries will limit the number of new mid-large-scale
hydropower installations.
On a  global  scale,  no  significant  changes  in  the  hydropower  resource  potential  are
anticipated  for  the  next  decades.  However,  significant  regional  and  local  effects  of
climate change will take place. Moreover, it is expected that there will be regions where
increasing precipitation will positively affect runoff and hydropower and others that will
suffer the consequences of water shortage. However, Hamududu et al. (2012) assumed
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that the current hydropower generation is limited only by changes in water availability
not taking into consideration other parameters. [27].
Making  many  simplifications,  they  projected  that  in  Northern  and Southern  Africa,
negative  trends  owing  to  climate  change  will  occur,  while  in  the  rest  of  Africa
hydropower is expected to increase. In the continent of Asia, apart from the Middle
East, hydropower will change having in a positive growth rate. Future projections depict
that Central Americal is likely to come up with a hydrogeneration reduction, contrary to
North and South America. Climate change in the Northern part of Europe will increase
hydropower, whereas this is not the situation in the Southern Europe [27]. 
At high latitudes and close to the wet tropics, runoff is expected to have an upward
trend, in contradiction to the downward runoff trend in some subtropical and lower mid-
latitude regions [28].
An  extensive  literature  review  conducted  by  Blackshear  (2011)  [29]  indicated  that
alterations  in  precipitation,  river  discharge,  glacier  melt  and extreme meteorological
events, have positive and negative effects on hydropower generation in every part of the
world  
4.5.1 North and Central America
Canada and the United States are highly dependent on hydropower. Quebec, the main
region of hydrogeneration in Canada, is likely to see significant increase in precipitation
and temperature in the next decades. Moreover, more reduction in winter than in spring
or summer precipitation is anticipated, and extreme meteorological events, such as ice
storms, could appear more often. As a consequence, hydroelectricity output is expected
to increase on average. In some parts of Canada hydropower production between 2010-
2039 will  decrease  due  to  early  peak flows  and less  summer  runoff  amount,  while
precipitation  will  increase  during  2040-2099  due  to  constant  rainfall.  This  initial
decrease will affect run-of-river installations mostly, due to low summer precipitation
[29]. 
A large number of hydropower plants are situated in the Northwest of the United States.
In these areas, temperature is predicted to increase in winter, in the form of rainfall and
snowfall,  and  decrease  in  summer.  Small  installations  cannot  withstand  earlier
snowmelt and less summer precipitation, so they struggle to meet energy demand. There
are forecasts of a 40% loss in production by 2080 [29].
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Vicuna  et  al.  2007  [30],  studying  the  effects  of  climate  change  on  high  elevation
hydropower generation in California showed that an increase in temperature leads to an
increase in precipitation falling as rain, compared to snow, and snow melts earlier in the
spring. However, if the hydroelectric systems have enough storage capacity, changes in
the streamflow timing have minimum impact on electricity generation
Another country of Northern America is Mexico. Forecasts reveal severe temperature
increase  and  unpredictable  changes  in  precipitation.  Part  of  the  land  is  likely  to
transform to desert, while droughts are expected to become a common issue threatening
the viability of hydroelectric power plants [29].
4.5.2 Latin America
Latin  America,  exploits  its  extensive  net  of  rivers  to  produce  energy.  Three  of  the
largest hydroelectric installations of the world have been constructed there. More than
50-60% of  the  hydropower  output  originates  from large-scale  reservoir  dams.  Like
Europe, climate impact shows great variability between different regions [29].
In the River Plate between Argentina and Uruguay, rainfall will continue its ascending
trend, in contrast to the descending trend at the Pacific side of South America. Less rain
will fall in the Amazon River in the next decades, resulting in remarkable decline in
water  discharge.  The  Parana  river  that  provides  hydroelectric  output  for  Brazil,
Argentina,  Paraguay and Uruguay will  increase  its  production  as  a  consequence  of
higher levels of rainfall.  Droughts lasting several weeks are expected to occur more
often  as  a  result  of  the  temperature  rise  in  northern  Brazil,  central  Chile  and
southeastern South America,  whilst  Central  America will  endure the catastrophes  of
severe storms and hurricanes [29].
4.5.3 Asia 
As the most overpopulated continent of the world, meeting energy demand in Asia is an
important  task.  Hydropower is not the dominant  energy source in the continent,  but
many countries have invested money on it in order to reduce carbon dioxide emissions.
Scientists have linked the recent floods in Thailand in 2011 and in Pakistan 2010 to the
intensified  monsoon  rains  due  to  climate  change.  They  have  also  predicted  that
monsoon period will shift later in the year [29]. This phenomenon makes river flows
and  water  shortages  unpredictable.  In  2004,  Yunnan  Province  in  China  lived  a
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disastrous  drought  where  8.1  million  people  didn't  have  access  to  drinking  water.
Statistics have shown that rainy days in China have increased in recent years as well as
extreme precipitation. Across the whole continent, it is difficult for precipitation to be
predicted. The scientific community has evidence that more floods and droughts in Asia
will occur, arid regions will suffer even more from water shortage, storms in Indian and
the Pacific Ocean will become stronger affecting rainfall and infrastructure.
4.5.4 Middle East
In the Middle East,  Tigris and Euphrates rivers having their origins in Turkey,  flow
through several countries until their destination, the Persian Gulf. They are the main
water  supplies  of  the  large-scale  reservoir  dams  and  the  run-of-river  and  smaller
hydroelectric projects.
The Middle East lies between the mountains of Turkey and Iran and the Arabian desert.
Forecasts show that Israel, Lebanon, Syria and Palestine will endure climate change the
most  because precipitation will  decrease in contrast to temperature rise.  Fortunately,
over the Saudi desert and Zagros Mountain in Iran, precipitation is expected to increase,
except from the summer period. In Turkey, less precipitation will lead to less water flow
[29]. 
In addition, Turkey's ability to control Tigris and Euphrates headwater, gives them the
advantage to confront global warming impacts,  conversely downstream countries are
dependent on Turkey's water flow increasing the operational risk of their hydropower
projects. For example, the Mosul Dam in Iraq, was forced to close in the winter of 2011
as a result of precipitation reduction [29].
4.5.5 Oceania
Australia,  a rather low rainfall  region has developed reservoir hydroelectric projects,
while  New Zealand's  topography allows  high  head  installations  with  a  few months
potential, putting the energy sector at risk in drought seasons. Studies on climate change
impacts  have  shown  significant  unpredictability.  Some  of  them  reveal  increasing
precipitation  in  southeastern  Australia,  while  others  foreseen  a  quite  drier  future.
Nevertheless, temperature is predicted to increase throughout the whole Oceania. Shifts
in monsoon and precipitation variations play the key role in stream flow fluctuations.
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Decreasing rainfall  is expected to influence New Zealand mostly as a result of little
storage capacity dams [29]. 
4.5.6 Africa
Africa's main rivers are the Nile, the Congo and the Zambezi. Still only 5% of the hydro
potential  is  being  harnessed.  Large  installations  are  under  construction  in  Ethiopia,
Uganda, Zambia and Liberia. Already Africa has been plagued by prolonged droughts
threatening the power system. Other regions are expected to receive more rainfall and
power production and, in some cases,  extreme meteorological  events,  while  10-20%
decline in rain is predicted, increasing the possibility of rivers in Botswana and Tunisia
to desiccate. The Zambezi river is predicted to face rainier months from January to July
and drier from August to December. In the first half of the 21st century precipitation and
temperature is projected to increase in the Nile River, however in the last decades of the
century even though temperature will still rise precipitation will probably show decline
trends [29]. 
4.6 The effect of climate change on hydrological 
regimes in Europe 
Arnell (1988) [31], investigated the effects of climate change on different hydrological
regimes in Europe under  a  continental  prespective.  The study was based on a micro
scale   hydrological  model,  four climate change scenarios and examined the average
annual, seasonal and monthly runoff, and monthly low flow extremes. His predictions
are consistent to  previous  mentioned studies. The four scenarios projected an increase
in precipitation in northern Europe and decrease in southern Europe. Runoff follows the
same trends, with increase in northern Europe and decrease in southern Europe. Global
warming  and  temperature  rise  don't  leave  snowfall  unaffected.  Decrement  in  snow
cover shifts the timing of runoff, consequently runoff increases in winter and decreases
tin spring time. In areas close to the sea the runoff is not expected to change .
In Spain, located in South Europe, in order to evaluate the extent of the decrease in
precipitation and changes in temperature, three power plants have been studied. In all of
them, less rainfall results in hydropower reduction, ranging from 30% -49 % under the
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A2 scenario and from 10%-31% under the B2. Electricity production reduction is likely
to affect new investments in the sector [32]. 
Switzerland, a mountainous country in the center of Europe, is highly dependent on
hydropower which provides 60% of the consumed electricity. The available water has
its origins from the snow and ice melt. As global temperature rises, the hydrological
regime  of  such  environment  changes  accordingly.  Studding  the  impacts  of  climate
change at the scale of a single hydropower plant (dam of Mauvoisin in the Swiss Alps)
at a daily time step, they concluded that global mean warming will have negative impact
on hydropower and that assessing regional climate response to a global mean warming
is as uncertain as global warming itself [33] .
Gaudardan (2013) [34], who modeled the Mauvoisin (Switzerland) installations, have
shown that inflows are expected to decrease on average by 18% from 2001-2010 to
2091 to 2100. The decrease in power production will not lead to revenue losses, if the
hydraulic  head  of  the  reduced  volume  is  maximized  and  the  turbine  schedule  is
optimized.
A systematic literature review by Stanton et al. (2016) [35] illustrates that electricity
from the installed hydropower plants in EU27 is likely to decrease from 10% in 2013 to
less  than  6% by 2050 becaude  of  decrease  in  rainfall  amount.  In  Northern  Europe
hydroelectricity production will increase, whereas in Western and Southern Europe a
decrease is expected by the end of the 21st century. Hydropower seasonality is projected
to  increase  during  winter  in  Northern  Europe  and decrease  in  summer  in  Southern
Europe.
At a national level, Finland is the only country with a confirmed positive change in
hydroelectricity, while in other countries in Northern Europe and Baltic, like Estonia,
Iceland, Latvia, Norway, Belarus and the European part of Russia, hydroelectricity will
also  increase.by  the  end of  the  21st  century.  Climate  change  will  negatively  affect
Austria,  France in Western Europe,  Belarus,  Moldova, Slovakia,  Ukraine in Eastern
Europe and for most countries of Southern Europe, like Spain, Italy, Serbia and Croatia,
for the near term to mid-21st century. For the end of the 21st century, hydroelectricity
generation is projected to decrease for Ireland and for most Western European countries
like  Belgium,  France,  Luxembourg,  Netherlands,  Switzerland,  for  Eastern  Europe
Bulgaria, Czech Republic, Poland, Moldova, Romania, Slovakia and Ukraine and for
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Southern  Europe  Albania,  Bosnia-Herzegovina,  Croatia,  Greece,  Italy,  Portugal  and
Spain. [35]. 
Within Europe, mainly the topography and hydrology define hydropower dependency.
Generally,  the  amount  of  water  available  for  electricity  production  is  forecasted  to
increase in northern Europe and decrease in southern and southeastern Europe in the
upcoming  years.  Analyzing  the  climate  impact  on  hydropower  in  Northern  Europe,
considerations, including the type of hydropower plant, the water fluctuation as well as
the production capacity must be taken. In these areas, even though the amount of water
available  for hydroproduction  is  expected  to  increase,  due to  the change in  time of
precipitation and the discharge, some plants are likely to experience lower productivity
because of more high and low flows [29]. 
In South and Southeastern Europe, negative effects of global warming in precipitation
are  forecasted,  which  don't  leave  hydroelectricity  untouched.  In  Spain,  Portugal,
Ukraine and Bulgaria the effects will be more visible, while summer discharge in rivers
having their origins in the Alps will increase as a result of faster glacier melt. [29]. 
Fig 4 Predicted changes in river discharge in Europe for 2020 and  2070 
            Map from Lehner et al.2005 [36] 
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5 Impacts on Hydropower in 
Greece
Greece,  as  part  of  Europe,  is  already  facing  global  warming  in  all  aspects  of  life.
Hydropower production can offer the opportunity to withdraw from a coal dependent
energy production.
5.1  Climate change effects in Greece 
Greece,  located  in  southern  Europe,  is  already  under  water  pressure  following  the
general  trends of other European countries such as the increase in the intensity and
frequency  of  extreme  meteorological  events  (i.e.  floods,  droughts),  decrease  in
precipitation in the summer, decrease of the number of cold days and increase of the
number of hot days.
5.1.1 Present Climate in Greece 
Mild  and rainy  winters  followed by warm and dry  summers  and pleasant  sunshine
generally  characterize  the  climate  conditions  in  Greece.  Topography  of  the  Greek
terrain,  as  well  as  the  existence  of  the  Ionian  and  Aegean  Seas  contribute  to  the
generation of climate subtypes, such as the dry climate of Attiki and the rainy one in the
North and West part of the country. Present climate in Greece can be divided into two
periods. The first period lasts from October until March, including the coldest months of
the year, January and February with mean temperature 5-10oC in the coastal regions and
0-5oC in the mainland. The second period lasts from April until September, including
the warmest days of the year, which covers the last two weeks of July up to the first
week of August with temperatures above 35oC. [37].
Temperature from 1990 available from the Hellenic National Meteorological Service,
revealed an annual increase of 0.4oC to 0.6o  C, compared to the mean values of 1961-
1990.  This  rise  is  attributed  mostly  to  the  warmer  days  of  summer  contrary  to  the
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unstable trends of winter temperatures. Simultaneously, precipitation shows decreasing
trends in recent year, especially during the winter, while summer rainfall seems to be
quite stable. 
The same database illustrates boost in extreme events. Heat waves appear almost each
year  since  1997.  Unforgettable  is  the  record-breaking  hot  summer  of  2007,  (with
temperatures  above  40oC  in  several  locations)  in  combination  with  extended  dry
periods,  destructive  to  forestry,  human  life  and  properties.  Cold  waves  are  more
frequent than in the first decades of the century and extreme floods appear more often.
5.1.2  Future Climate in Greece 
The  ‘Atmospheric  Chemistry  and  Climate  Change  Modelling’  of  the  National
Observatory of Athens according to scenarios A2 and B2 of the IPCC Special Report of
Emissions  Scenarios  (SRES)  [38],  has  conducted  simulations  of  future  climate  in
Greece.  To  be  more  comprehensive,  some  indicative  information  concerning  the
mentioned scenarios are illustrated. 
The A2 storyline and scenario family represents a heterogeneous world. Self-reliance
and  preservation  of  local  identities  and  less  economic,  social,  and  cultural
interconnections  among  regions  constitute  the  future.  Income  gap  between  now
developed and developing countries will not reduce. Fertility rate lessens slowly, which
results in increasing global population. Economic improvement is regionally adjusted,
and technological change is slower than other storylines [38]. 
The B2 storyline  and scenario family interprets  a world based on local  solutions  to
economic,  social  and environmental  sustainability.  Global  population  increases  at  a
lower rate than for the A2, and moderate economic progress takes place. Technological
transformation is also accelerated compared to other scenarios [38].  
According to IPCC (2007) [39] Europe will become warmer by 2.5o C to 5.5o C for A2
scenario and by 1oC to 4 o C for B2 scenario. The warming is anticipated to be higher in
Southern Europe, where Greece belongs. Winter precipitation will be reduced, whereas
a more substantial  decrease during summer is likely to occur.  Extreme temperatures
compare to other Mediterranean countries during summer will expose population and
the environment at risk. [40]. 
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As regards to severe events, higher temperatures combined with a reduction in summer
precipitation are likely to intensify summer heat waves and droughts, with some of them
expected to start earlier in Greece than in other Mediterranean regions [40]. 
The Mediterranean basin climate change for the period 2013-2060 has been examined
by  [37].  Precipitation  and  temperature  have  been  analyzed  using  the  A2  and  B2
emissions scenarios. Temperature is expected to rise by 20  C in spring and winter and
around 40 C in summer. Also, an additional month of hot days is about to happen with 2-
4 weeks of tropical nights. In Greece, prolonged droughts starting a week earlier and
ending three weeks later are anticipated.
Giorgi  (2006) [41] using a Regional  Climate  Change Index (RCII) based on region
mean  precipitation  change  and  mean  surface  air  temperature  showed  that  the
Meditterranean and North Eastern  European regions are the primary Hot-Spots. Then
come the high latitude northern hemisphere regions nad Central America while the main
African hot spots are Southern Equatorial Africa and the Sahara. 
The Bank of Greece [42], in March 2009, in an attempt to address important problems
of the Greek economy such as the impacts of climate change, set up the Climate Change
Impacts Study Committee.  For the first  time, scientists  from a variety of disciplines
collaborated to study and give solutions, if possible, to such a synthetic problem. 
The Commitee  divided the country into 13 climate  zones.  The Research Center  for
Atmospheric Physics and Climatology of the Academy of Athens (RCAPC) conducted
simulations for the A2, A1B, B2 and B1 emission scenarios They projected the seasonal
and the annual mean values of mean air temperature, precipitation, relative humidity,
cloud cover, total incident short-wave radiation and wind speed at 10 m above ground.
Regarding  the  mean  air  temperature,  under  all  the  scenarios,  Greece  will  become
warmer over the next decades. Under the extreme A2 scenario, during the period 2071-
2100 the increase is expected to be 0.5  0  C /decade, under the A1B scenario 0.4  0  C
/decade, under the B2 scenario 0.25 0 C /decade and finally under the B1 scenario 0.1 0 C
/decade relative to the reference period 1961-1990. 
Regarding precipitation, simulations have shown decline in annual precipitation through
the whole country under A2 and A1B scenarios, which is higher than those under the
B2 scenario. In more details under the A2 scenario, precipitation is expected to decrease
by 16% in winter, 19% in spring, 47% in summer, 10% in autumn and 17% annually
comparted to the reference period 1961-1990. 
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Under  the  A1B scenario,  during  the  2021-2050 period,  precipitation  is  expected  to
decrease by 5% relative to the reference period while during the period 2071-2100 mean
precipitation  is  expected  to  decrease  by  16%  in  winter,  26,5%  in  spring,  37%  in
summer, 12.5% in autumn and 19% annually [42] .
Regarding floods, they investigated the probability of heavy rainfall and its effect on the
flood probability.  The results  indicated  that  flood probability  varies  across  different
parts of the country depending on the climate scenario, but generally flood probability
showed  increasing  trend  under  all  scenarios  for  the  periods  2071-2199  and  2090-
2099 .However,  is  some regions  the probability  of  extreme floods showed negative
trend revealing the uncertainty regarding the projection of extreme values of floods. The
authors  highlighted  that  the  results  should  be  evaluated  very  carerfully  flood  risks
depend also on other factors that cannot be easily evaluated [42]. 
5.2 Water resources and water use in Greece
5.2.1 Legislation 
A  new  framework  Law  3199/9-12-2003  on  “water  protection  and  the  sustainable
management of water resources” was incorporated in the national legislation, as a result
of the EU Water Framework Directive (WFD). This innovative Law announces a new
way  of  water  management  concentrating  to  the  ecological  objective  of  water.  It
includes,  life protection of water resources,  reduction and if possible,  elimination of
polluting  discharges,  prevention  of  underground  water  pollution  and  furthermore
abatement of the catastrophic consequences of floods and droughts. 
This new Law describes 13 River Basin Districts (RBD), the competent authorities and
their responsibilities in water management in Greece. Regional Basin Directories and
Councils for each River basin are authorized to exercise water policy actions plans and
will be administrated by the National Water Agency. 
The  target  of  the  National's  Strategy  for  Water  Resources  (NSWR)  (2002)  is  the
sustainable use of water resources, the conservation of the ecosystem and the quality of
underground and surface water endowments. In accordance with the Johannesburg Plan
of Implementation, the NSWR sets the targets for water distribution, management and
efficiency plants. 
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The NSWR consists of a variety of projects, programs and activities, in accordance with
the  WFD,  that  enable  the  implementation  of  the  targets  at  national,  European  and
international level, such as establishing water pricing policies, evaluation of the role of
regional communities and authorities, identification, characterization and evolution of
the management of each individual river basin (Law 3199/9-12-2003). 
The  National  Action  Plans  to  Combat  Climate  Change  (2002)  and  Desertification
(2002) organizes activities, programs on the protection of water resources. Additionally,
the Ministry of Agriculture financed a program of 450 million € for the construction of
small dams, reservoirs in water pressurized areas, protection of watersheds with terraces
and management of water availability for irrigation. [43]. 
The Greek Law 3468/2006 defines small-scale hydroelectric installations those having
installed capacity lower than 15MW. Small hydro power stations (SHP) are attractive to
energy  suppliers  as  they  exploit  local  water  resources,  they  don’t  require  huge
infrastructure and dams, while low costs of maintenance and operation are needed to
produce electricity for a long life.
Small-scale hydropower stations are installed near rivers. Electricity is produced as part
of the river flow passes through the turbines and the used water returns to the natural
environment. Hydro plants have an efficiency of 90% when they convert the potential
energy of the moving water to electricity. 
In  mainland  Greece,  15  large  hydro  power  stations  operate  with  installed  capacity
3000MW  contributing  to  27%  of  the  total  electric  power  generation  (Regulatory
Authority of Energy, 2003).
Public  Power  Corporation  (PPC)  is  the  owner  and manager  of  these  stations.  They
exploit  the  potential  power  of  the  rivers  Nestos,  Aliakmonas,  Edessaios,  Aoos,
Acheloos,  Tavropos,  Aracthos  and  Ladonas.  The  hydroelectric  station  Sfikia  in
Aliakmonas and the power station Thisavros in Nestos operate as reversible-pumping
stations.  They  store  water  in  hours  with  low  demand  and  they  release  it  at  peak
demanding  hours  contributing  to  the  daily  balance  of  the  electricity  system (www.
dei.gr ).
PPC is planning to incorporate two new hydroelectric power plants, the Metsovitiko of
29MW and the Mesohora of 160MW. Additionally,  two small hydroelectric projects,
the Mesochora of 1.6MW and the Papadia of 0.5MW are under study.
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Topography and the high precipitation in western part of Greece, combined with the
unexploited local water potential,  are the key factors to enhance the development of
SHPs in Greece.  According to the  Regulatory Authority of  Greece (2006),  50 SHP
producing 93.3MW of electricity  operate  in  Macedonia,  Epirus,  Central  Greece and
West Peloponnesus. Among them 21 SHP stations produce power between 1 to 10 MW,
while the rest 29 stations are considered small installations with less than 1MW power
production. 
5.2.2 Water resources in Greece
Water  resources  for  each  country  are  considered  those  generated  inside  it  in
combination  with  those  originated  from  the  neighboring  countries.  Precipitation,
evapotranspiration and subsurface water constitute the main hydrological variables of
water recourses. The mean annual precipitation in Greece is 850 mm/year, analogous to
the mean precipitation of Mediterranean countries [44].
Greece  follows  two  dimensional  hydrological  patterns.  On  the  one  hand,  western
Greece is  rainy,  with more than 1500mm/year  rainfall,  while  eastern Greece on the
other hand is drier, with approximately 400mm/year precipitation. Evapotranspiration is
significantly  high  in  the  dry  Eastern  regions.  Figure  5  shows  the  distribution  of
precipitation in Greece. [45].
Figure 5. Distribution of total precipitation in Greece
Mimikou (2005) [45] 
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UNESCO has  established  an  indicator  of  dryness,  as  the  ratio  of  the  mean  annual
precipitation to the corresponding potential evapotranspiration. [see Appendix I]. Dry
regions have values of the indicator below 0.2, almost dry 0.2 to 0.49, almost humid 0.5
to 0.74 and finally values over 0.75 correspond to humid locations. Figure 6 depicts
UNESCO’s indicator  of dryness  for  the Mediterranean Countries  in  EU, [45]  while
Figure 7 illustrates the distribution of the mentioned indicator in Greece, which is in
consistent with the previously mentioned hydrologic patterns of Greece.
Figure 6. UNESCO' s Indicator of dryness for the Mediterranean Countries in EU
(Mimikou 2005) [45] 
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Figure 7. Indicator of dryness for GREECE
Mimikou (2005)
Water  distribution  follows seasonal  patterns.  Water  demand and consumption  are at
their highest level during summer, when some areas of the country are overpopulated
due to tourism, while at the same time agriculture absorbs water for irrigation. As a
result,  water  supply  cannot  always  satisfy  demand,  consequently  redistribution  and
water storage planning should be scheduled. 
The mean annual precipitation run-off of rivers in the mainland of Greece is about 35
billion cubic meters. The main rivers that contribute to 80% of the surface water are the
Acheloos (Central Greece), Axios, Strimonas and Aliakmonas (Macedonia), Evros and
Nestos (Thrace) and Arachtos and Kalamas (Epirus). Almost 75% of the freshwater end
up in the agricultural areas for irrigation use, whereas around 10-15% of it is consumed
by households and a low portion is used for energy production [44].
Figure 8 shows that the main water in Greece is mainly used for rural purposes, while
only 1% of it contributes to energy production.
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Figure 8 : Water use in Greece
Mimikou (2005)
5.2.3 Impact Assessment on Water Resources in Greece 
The  Mediterranean  region,  inhabited  thousands  of  years  ago,  is  one  of  the  most
vulnerable ecosystems on Earth. Greece, located in southern Europe, has a worldwide
known typical Mediterranean climate,  with humid winters and dry summers. Studies
have been so far conducted in an attempt to understand the hydrological and climatic
interactions,  in  order  to  investigate  the  regional  impacts  of  climate  change  on  the
hydrological  cycle.  These impacts  can generate  further  impact  on water  quality  and
quantity,  like reservoir risk, power generation deficiency, erosion, dam failure, water
quality deterioration etc. 
5.2.4 Climate change impacts on the hydroelectric energy 
production in the Greek area of Aliakmon River Basin
The main utility of a hydropower plant is to provide electric power at peak times to its
associated network. Hydropower is closely dependent on the water flow, the head and
the efficiency of the turbines (see Section 5.4.1). Certain concerns rise, in cases where a
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reservoir  does  not  contain  enough water  to  meet  the  energy demand.  The available
water  volume  in  a  reservoir  to  produce  energy  depends  on  precipitation  and
temperature which determines losses through evaporation.
Mimikou and Baltas  (1997) [46],  conducted  a  research  on the assessment  of global
warming on the operational reliability of the Polyfyto reservoir in northern Greece. It
was part of an international program financed by the EU, that investigated the impacts
of  global  warming  on  water  management  and  water  resources  in  a  catchment,  at
regional and European scales. 
The Aliakmon river basin, which drains into the Polyfyto reservoir located in northern
Greece, was the study area of the paper. The drainage area was 5847 km2, with mean
elevation 876m, mean annual historical temperature 110 C and mean annual historical
runoff 0.0115 (m3 /skm-2). 
Monthly  hydrometeorological  data  from  the  period  1961  to  1990  were  used.
Precipitation,  snow, evaporation,  wind velocity,  relative  humidity,  sunshine duration
and temperature values were treated as inputs to the water balance model. 
Along the Aliakmon river there are three multipurpose reservoirs (Polyfyto, Asomata
and Sfikia) which operate as water and irrigation suppliers and power generators. The
Sfikia and Asomata are mainly one day storage reservoirs to provide downstream water,
therefore only the Polyfyto reservoir has been studied. 
Results from two equilibrium models, the UK Meteorological Office High Resolution
model (UKHI) and the Canadian Climate Centre model (CCC) and a transient model,
the  UK High Resolution  transient  output  (UKTR),  were adopted  as  climate  change
scenarios.  The  IPCC  (1992)  [47]  emissions  scenario  was  assumed  for  the  two
equilibrium experiments  for the years  2020, 2050 and 2100, while  for  the transient
model a climate change scenario with sensitivity of 2,50  C corresponding to the years
2032 and 2080 was assumed.
The  GCMs  gave  results  for  the  temperature,  precipitation  and  potential
evapotranspiration  variables.  Regarding  potential  evapotranspiration  (PET)  two
scenarios were examined. The PET representing change in PET as a result from change
in temperature and PE2 representing change in PE from change in radiation, humidity
and wind speed. 
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Sensitivity  analysis  of  regional  water  resources  under  different  meteorological
conditions  was provided by the  water  balance  model  WBUDG. The variables  were
introduced to the water model to estimate rainfall, snowmelt, soil moisture and stream
runoff.  To  compare  the  results,  the  water  balance  model  was  run  using  the
meteorological data but ignoring climate change (no climate change scenarios) [46] 
It is obvious that in all scenarios, mean annual, winter and summer runoff is reduced.
whereas potential and actual evapotranspiration show increasing trends as a result of
temperature increase which in turn reduces soil moisture. 
The Polyfyto reservoir is a multipurpose one used mainly for hydro power generation
but operates also as water supplier and for irrigation purposes.
A risk analysis of the annual energy production is the tool to assess the sensitivity of the
operational  reliability  of  the  Polyfyto  reservoir  under  different  climatic  scenarios.
Values of the annual energy based on the reservoir characteristics were selected. These
values were in the range of 150-550 GWHh and include the minimum (199,4GWh) and
the mean (515GWh) energy supply amount from the Polyfyto reservoir.
Given the design and the operational status of the reservoir, the results have shown that
for all  scenarios examined, the energy production of the reservoir is affected by the
different climate scenarios. From the tables, it is understandable, that risks associated
with the energy supply increase, especially under the UKHI and UKTR scenarios.
A key parameter that determines the energy production, the design and the reliability of
a reservoir is the net storage volume. From the above analysis it has been proven that
the Polyfyto reservoir shows increasing risk levels related to the energy supply. Since
the reservoir is used for irrigation, water supply and energy production, it is of utmost
importance to control high risk levels.  This is manageable if we increase the net storage
volume is increased [48]. 
Risk analysis has been conducted for the two energy levels and the two more sensitive
scenarios, the UKHI and the UKTR by increasing the reservoir storage volumes. 
The  annual  hydropower  is  directly  dependent  on  the  water  storage.  Under  climate
change scenarios present volume storage of the Polyfyto reservoir does not secure the
annual electricity production. Increasing the reservoir storage volume by 12% and 38%
for the UKHI scenario and by 25% and by 50% for the UKTR scenario, is necessary in
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order  to  maintain  the  current  risks  levels  at  their  minimum  and  annual  energy
production respectively.
5.2.5 Assessment of climate change impact in the hydrological 
regime of River Pinios Basin, central Greece
The Mediterranean region in opposition to the wet northern Europe has an arid or semi-
arid climate.  Impacts  of climate  change to these areas  may affect  precipitation,  soil
degradation, decrease of water resources, desertification and water quality. Hence, it is
obligatory  for  modern  societies  to  adopt  water  management  measurements  to  be
prepared to face the devastating effects of climate change 
The  Pinios  River  Basin,  one  of  the  most  profitable  basins  of  Greece,  located  in
Thessaly, is extended in a total surface of 11000km2.. It has been decades since Pinios
river has been used for irrigation for the Thessaly flatland. Since 1980 the agricultural
intensification,  which  absorbs  increasing  amounts  of  water,  together  with
mismanagement  of  the  resources,  led  to  signs  of  water  deficiency.  Assessment  of
climate  impacts  on  the  Pinios  River  basin  estimating  the  total  runoff  (surface  and
subsurface) has been presented by [49]. They compare the total runoff of a reference
period  (1980-2000) and the  mean  values  for  two projected  periods  (2020-2050 and
2050-2080). 
To  calculate  annual  averages  of  water  balance  components  such  as  total  run-off,
geology,  topography,  and  land  use  they  applied  the  grid  based  empirical  GROWA
model. It is an appropriate model for mesoscale basins of 1000km2  to river catchments
of  100.000 km2. The mean long-term evapotranspiration  rate,  the  mean  annual  total
runoff as the difference between the mean annual precipitation rate and the mean annual
actual evapotranspiration rate were measured. Total runoff was divided to direct runoff
and groundwater recharge. 
Precipitation, temperature, soil properties, geological and topographical characteristics
of the region were used as input data. The reference model was established by 1980-
2000 time data from 57 meteorological  stations for precipitation and 17 stations for
temperature. RCNs were used to operate simulations at a 25 or 50 Km resolution. 
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At the reference period (1980-2000) the mean annual precipitation was calculated at
701mm,  the  mean  annual  temperature  at  14,60  C  and  the  mean  annual  potential
evapotranspiration at 900 mm/year. Total runoff within the 70% of the Pinios basin is
lower than 200mm/year. In the mountainous areas of the basin, the highest values of
runoff  were  calculated,  which  is  reasonable  due  to  low  temperatures  and  high
precipitation. The HIRHAM5 [50], RACMO2 [51] (RA), REMO(REE) [52] and RCA3
[53] (RH) RCM models for the A1B emission scenario were deployed.  
The results of precipitation and temperature for period A (2020-2050) indicate that all
RCM models, reveal increase in the mean annual temperature and decrease in the mean
annual  precipitation,  except  the  RH  models,  which  shows  increase  of  the  annual
precipitation by 12% compared to the reference period. 
The  HA  model  projected  the  highest  decrease  of  about  20%  in  the  mean  annual
precipitation and the highest increase in temperature of 3.80 C. 
The GROWA hydrological model [49] based on the above results, estimated the mean
total runoff for period A. Again, the HA model calculated the lowest mean value of
runoff, 124mm/year compared to the reference period. The RA and REE models found
a moderate decrease in the mean value of the run-off, while the RH model, which by
definition gives the most optimistic results, estimated a decrease of 8%.
Projections of temperature and precipitation for period B (2050-2080) likewise to period
A show that  all  RCM models  reveal  increase  in  the  mean  annual  temperature  and
decrease in the mean annual  precipitation,  except  from the RH models  which show
negligible  changes  compared  to  the  reference  period.  The  HA  model,  presents  the
highest decrease in mean annual precipitation by 151mm related to the reference period
and the highest average increase in annual temperature by 4.20 C.
The RH model indicated the lowest temperature increment by 2,20  C and increment of
precipitation by 6% compared to the reference period. A study by [54] indicated that in
Vosvozis river basin in northeastern Greece,  precipitation will  be decreased by 13%
between 2011-2100. The RA and HA models projected almost the same decrement in
total  runoff  of  approximately  65%,  while  the  RH  model  projected  the  smallest
decrement (22%) compared to the reference period.
Simulations  results  using  a  GROWA  model  displayed that  all  the  RCM-GCM
combinations lead to a significant decrease in total runoff by the end of 2080. When
total runoff is simulated with input from HA model the reduction of total runoff is the
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highest during the period A. Simulation of total runoff from data from RH model (RH
model  showed  smoother  changes  in  precipitation  and  temperature compared  to  the
reference period) showed accordingly smoother changes.
In more details, the spatial distribution of the total runoff variations for the projected
periods A and B are presented in figures 14 .and 15
Regarding  period  A  and  HA  model,  80% of  the  values  of  total  runoff  are  below
100mm/year. This covers semi-mountainous and mountainous regions at the northern
part of the basin. For the same period, total runoff values below 100mm/year for the RA
model cover more area than the REE model. Regarding RA and REE models, increased
precipitation in mountainous areas lead to substantial differences in total runoff values
between mountains at the west and their adjacent parts of the basin. 
Regarding period B, spatial distribution of the total runoff in HA model shows the same
picture as in period A, because difference in the mean annual value of total runoff is
small. (-4%). The RA model show low values of total runoff which cover the western
part of Thessaly subbasin, contrary to the low total runoff values of REE models that
are distributed at the northern part of the basin. The RH model for period B, show that a
7% of the low values of total runoff are at the eastern part of the basin. Values greater
than 500mm/year are distributed at the mountainous areas and the deltaic area of Pinios
river at the northeast.
When total runoff is simulated by the RH model, the reduction of the total runoff is
almost linear and by the end of 2080 and approximately equal to 22%, distributed in the
central part of the basin, while the mountainous part of it shows modest increase. The
HA, RA and REE models, predict remarkable reduction in total runoff ranging between
46% to 66% by the end of 2080. Unfortunately, both human life and the environment
would be severely affected  under these conditions,  let  alone the already pressurized
Pinios river basin by unwise water management methods
The Pinios river  has been studied by [55].  Their  purpose was an assessment  of the
impacts  of climate change on water resources and water quality of the Pinios river.
Their interest of the specific basin derived from the fact that the surrounding area of the
basin  was  intensively  cultivated,  so  irrigation  management  should  be  considered.
Moreover, thoughtless use of pesticides and fertilizers have the potential  to provoke
severe degradation of the surface and subsurface water resources. 
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Despite the fact that the river has 15 subbasins drained by the main river, the study
focused on the Ali Efenti subbasin due to lack of data. Precipitation, temperature, wind
velocity, relative humidity and sunshine duration data for the period from 1960 to 1996
were obtained from 15 stations near the river. 
Monthly  precipitation  values  were  adjusted  to  basin  elevation.  The  mean  monthly
temperature of each station was adjusted to the corresponding elevation and the mean
temperature of all stations was adjusted to the mean elevation of the basin. Three classes
of  mean  monthly  values  of  daily  wind speed  and mean  monthly  minimum relative
humidity were used as inputs. 
The  results  from  one  equilibrium  climate  change  experiment,  the  UKHI  and  one
transient climate change experiment, the HadCM2 and projections of global warming
using the MAGICC (Model for the Assessment of Greenhouse gas Induced Climate
Change)  were  adopted.  The  WBUDG  water  balance  model  used  precipitation,
temperature, relative humidity, sunshine duration and wind speed as inputs to calculate
evapotranspiration,  soil  moisture  and stream runoff.  Then the monthly  storm runoff
coefﬁcient  (SRC),  the  maximum  soil  moisture  (SMAX),  the  lower  temperature
parameter  (T0),  the  upper  temperature  parameter  (T1),  the  minimum  rain  content
coefﬁcient  (a),  the melt  rate  factor  (DF),  the watershed lag coefﬁcient  (K1)  and the
groundwater lag coefﬁcient (K2  ) using the 36 year historical hydrometeorological and
hydrometric  data  were  calibrated.  Fifty  (50)  synthetic  series  for  precipitation  and
temperature from 1996 to 2050 were produced. The water balance model gave results
from all the 50 series assuming no climate change used as a reference basis. Then 50
runs  considering  UKHI  changes  and  50  runs  considering  HadCM2  changes  were
executed. Finally, the results were averaged over the 50 output series for each case (base
run, UKHI change and HadCM2 change). 
It is obvious that significant decrease of the mean monthly runoff occurs for the two
experiments  for  all  months,  except  November  where  changes,  in  runoff  for  the
equilibrium experiment,  from the run base are considered negligible.  Both scenarios
indicate that June is the month with the highest decrease in monthly runoff.
Indicators have almost the same behavior for both scenarios. Significant reduction in
mean annual precipitation is projected, resulting in reduction of runoff with the highest
decrease  from May to October.  The increase in  temperature  leads  to  an increase  in
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potential evapotranspiration. The results are in accordance with the mentioned research
in the Pinios river basin from [49] and other relevant studies on different catchments in
Greece. 
5.2.6 Impact of Climate Change on the Hydrological Regime and 
Water Resources in the Basin of Siatista
The hydrological regime of Northern Greece attracts scientists to evaluate and quantify
climate changes impacts on it. For that reason, [56] has studied the Siatista basin, a sub
basin of the Aliakmon river. This is a mountainous basin with steep slopes and flood
fields. The mean elevation is 1005 m, mean annual historical temperature is 10.50 C and
mean annual historical precipitation 822,3mm /year.
Data  regarding  the  monthly  runoff  were  collected  from  the  PPC of  Greece,  while
hydrometeorological  monthly  data  from 1961  to  1990  were  gathered  from stations
nearby the study area. The hydrometeorological data contain temperature, precipitation,
snow, evapotranspiration, wind velocity, relative humidity and sunshine duration. The
mean monthly temperature of each station was associated with its  elevation and the
mean temperature of all the stations was adjusted to the mean elevation of the basin.
These data where used as inputs to the water balance model. The monthly water balance
model (WBUDG) which has the ability to present sensitivity analysis of regional water
resources under a wide range of meteorological data was used. 
The  results  from  two  climate  change  experiments,  the  UKHI  and  the  CCC  and
projections  of  global  warming  using  the  MAGICC  (Model  for  the  Assessment  of
Greenhouse  gas  Induced  Climate  Change)  were  adopted.  Rainfall,  temperature  and
potential  evapotranspiration were used to  generate  scenarios.  Assuming the standard
1992 IPCC emissions scenario 1992a [57] with climate sensitivity 2.5 0 C and not taking
into consideration the effects of aerosols, the two experiments created climate change
scenarios for 2020, 2050 and 2100. Temperature, precipitation and evapotranspiration
were the inputs of the water balance model, while soil moisture and basin runoff were
the  outputs.  Synthetic  series  (from 1990 to  2100)  of  precipitation,  temperature  and
potential evapotranspiration based on the historical data, were created. In the end, 50
synthetic series of each variable were developed which were used as inputs to the water
balance model in the absence of a climate scenario and based on such scenarios.
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When climate change effects were neglected, the water balance model estimated future
runoff, used as reference result for comparison purposes. Calibration of the model was
necessary using the historical hydrometeorological and hydrometric data.
Inputs  parameters  were  the  maximum  soil  moisture,  the  minimum  rain  content
coefﬁcient,  the  watershed  lag  coefﬁcient,  the  groundwater  reservoir  coefﬁcient,  the
temperature  (lower  T1 and  upper  T1 thresholds),  the  melt-rate  factor  and the  storm
runoff coefﬁcient. Changes in many hydrological indicators were evaluated to providee
reliable estimates of climate change impacts on the water regime of Siatista. 
Results have shown that for all scenarios that the mean annual runoff, the mean winter
runoff, the minimum annual runoff and the summer runoff are significantly reduced.
The  spring  runoff  is  reduced  as  a  result  of  the  temperature  rise  which  melts  snow
earlier.  The  runoff  is  increased  during  November,  December  and  January.  The
maximum annual runoff and potential and actual evapotranspiration increase, resulting
in soil moisture decrease. The result of the shift of the wet season towards December is
the  longer  lasting  dryness.  To  conclude,  the  equilibrium  scenario  results  are  more
rationale than the transient one.
Mimikou  [58]  summarise  climate  change  effects  on  water  resources  and  related
hydraulic  works  in  Greece,  associated  to  the  rivers  Aliakmon,  Upper  Acheloos,
Portaikos and Pinios basin. Results are persented in a synthetic way to draw general
conclusions about the tendency of the studied hydrological indicators. 
The Aliakmon river, located in the water district of Western Macedonia, has cold winter
and snowfalls, the mean annual temperature is 13oC, the mean annual rainfall depth is
640mm and mainly the river is used for water supply. The Pinios river basin, located in
the district of Thessaly, is the greatest basin of Greece. The mean annual temperature
ranges between 16 and 17oC and the mean annual rainfall depth is approximately 858
mm.  The  rivers  Acheloos,  Evinos  and  Mornos,  are  located  in  the  water  district  of
Western  Sterea,  the  region  of  Greece  with  the  highest  precipitation  amounts.  The
Acheloos river basin has been used for the construction of four hydropower plants to
produce electricity. 
The mean annual rainfall depth varies as elevation changes. Therefore, in flat areas it is
about 800-1000mm, at the mountainous areas about 1400mm and more than 1800 mm
at high-elevation areas. 
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Venetikos  subbasin is  covered  by mountains  with  steep  slopes,  while  Siatista  basin
topograpfy has smoother characteristics. 
Upper Acheloos and Portaikos River basins entail three drainage basins, Mesohora and
Sykia basins and Pyli basin.
Acheloos basins are purely mountainous, while Pyli basin surrounds the Thessaly plain.
Finally, Pinios River consists of 15 subbasins and is familiar to storm events and sudden
floods. Table 1 depicts the designed characteristics of the reservoir in the Aliakmon,
Upper Acheloos and Portaikos river basins. 
Table  1.  Designed  characteristics  of  the  studied  reservoirs  in  the  Aliakmon,  Upper  Acheloos  and
Portaikos river basins
River Reservoir Storage Capacity
(106 m2)
 Design Head
(m)
Primary energy
(GWh/y)
Firm water
supply 
Aliakmon Polyfyto 655 (min) - 1160
(max) 
146.4 199.4 (min) - 515 
(mean) 
640 × 106 (m3/y) 
Upper Acheloos Mesohora 228 200 231
Upper Acheloos Sykia 500 137 48.8 5 (m3/s) 
Portaikos  Pyli 47 - - variable
Portaikos  Mouzaki 530 138.4 370 41 (m3/s) 
Mimikou and Baltas (2013) [58]
Greece has already faced the consequences of global warming. Temperature rise and
precipitation  reduction  pushes  water  availability  and  management  to  the  limits  and
immediate plans and policies should be applied to prevent irreversible situations. 
The “Hellenic Action Plan for the abatement of CO2 and other greenhouse gas emis-
sions”was founded in 1995, to regulate the increase of greenhouse gases so as not to
exceed 12% - 18% of the 1990 level.
The  Laboratory  of  Hydrology  and  Water  Resources  Management  of  the  National
Technical University of Athens (NTUA) working in this direction has funded research
programs  to  investigate  climate  change impacts  on selected  hydrological  indicators.
Suitable climate models among the ones developed by the Climate Research Unit of the
University of Anglia (UKHI, CCC, HadCM2, UKTR) have been adopted and applied in
aforementioned basins. 
Assessment  of  the  water  quality  and  quantity  under  future  climatic  conditions  was
performed  by  two  models  developed  by  the  Laboratory  of  Hydrology  and  Water
Resources Management of the NTUA and one freely available. Moreover, a reservoir
model was adopted to evaluate water supply and safety of hydropower production.
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The  WBUDG  water  balance  model  commonly  used  for  the  simulation  of  the
hydrological  cycle,  ran  on  a  monthly  basis  and  precipitation,  temperature,  wind
velocity,  relative  humidity  and  sunshine  duration  were  the  input  variables  used  to
project rain, snow, snowmelt, soil moisture, actual evapotranspiration and stream runoff
in the future. 
The  mathematical  model  R-Qual  was  used  to  simulates  temperature,  N-Organic,  P-
Dissolved and to assess impacts of waste loads on in-stream water quality.
The  Soil,  and  Water  Assessment  Tool  Model  (SWAT)  was  used  to  simulate  the
influence of the hydrological cycle on the quality and quantity of water and sediments.
It  ran on a  daily  mode and also assisted other  models  to  simulate  climate,  erosion,
pesticide transport and hydrology. 
The Reservoir model based on the water balance equation, ran on a monthly mode and
its utility was to analyze the operation function of the studied reservoirs.
Hydrological  indicators,  such  as,  mean  annual  precipitation,  mean  annual
evapotranspiration,  mean  annual  runoff  etc.  were  examined  to  assess  the  regional
hydrological characteristics of the basins. Data from 15 to 30 years, were used as inputs
to simulation models.  
The results have shown:
 no significant differences among the climatic experiments were observed,
  the chosen indicators performed well enough to draw conclusions,
  in all basins, changes in the same direction were detected such as, increase in
potential  evapotranspiration,  decrease  in  the  mean  annual  and  summer
precipitation, reduction in the mean annual and summer runoff, decrease in the
minimum and maximum annual runoff and shift of the snowmelt season towards
winter.
 The basins where precipitation, in the form of snowpack storage, is stable, are
sensitive when temperature increases. As a consequence, decrease in mean and
minimum annual runoff and increase in the maximum annual and winter runoff
are projected. 
 There  is  no  adequate  proof  that  climate  change  is  directly  connected  with
increasing floods, nevertheless signs of prolonged floods are indisputable.
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 Reservoir  risks levels  under the mentioned climate scenarios were examined,
revealing their vulnerability to reduction in precipitation. Downstream reservoirs
are more sensitive than upstream ones, because upstream failures are reflected to
the downstream ones. Increase of storage volume to retain power production at
tolerable risk levels is mandatory. Finally, [58] suggested a 'common concrete
strategy' from the European Community to study the effects of climate change
on water resources and support the policy makers to follow the global standards
of the IPCC to assess impacts. 
Extracted  results  are  in  agreement  with  those  of  [59]  considering  climate  change
impacts on river regimes in the Mediterranean. On their study to evaluate the climate
change  impacts  on  river  regimes  in  Europe,  found  that  flow  regimes  in  the
Mediterranean  will  be  severely  reduced.  Summer  precipitation  in  the  2050s  will
decrease by 23%. Moreover, the flow regime simulations revealed that reduction will
occur  during  the  entire  year  and as  the  number  of  zero  flow events  is  expected  to
increase isolated pools will be formed. 
5.2.7 Sensitivity analysis of the interaction between groundwater 
and streamflow to global climate change over Mesochora 
Acheloos River 
The synergy between groundwater and streamflow is important to hydrologists to assess
impacts of human activities on water regimes and water recourses management. 
The  Mesochora  catchment  of  Acheloos  was  selected  by  [60]  to  investigate  the
sensitivityof   groundwater  -streamflow  interaction  to  global  climate  change.  The
catchment is multipurpose and provides water for irrigation and hydropower production
with  a  mean  high  elevation  of  1300  m.  Snowfall  and  snowmelt  determines  the
hydrology of the catchment. The mean annual precipitation is 1900mm and the mean
annual runoff is 1170 mm. Decay of hard limestones and flysh formed the soils of the
sourrounding area making them permeable. 
The  snow  accumulation  and  ablation  hydrological  model  developed  by  Anderson
(1973) and the soil moisture accounting model developed by Burnash (1973) [61] were
used. The snowmelt model interprets the alteration in storage of water and heat in the
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snowpack,  using  six  hourly  precipitation  and  temperature  data.  The  soil  model  is
theoretically made up of an upper zone, representing topsoils and the basin interception
layer, and a lower zone, representing a ground water reservoir. Streamflow is generated
by direct runoff from impervious and water surfaces, surface runoff and interflow from
the upper zone free water,  and primary and supplemental  baseflows from the lower
zone. 
To evaluate the interaction between the ground water and streamflow, the ratio of the
two  variables  was  used(groundwater/streamflow=GWR)  Inputs  of  the  soil  moisture
model  were  the  products  of  the  snowmelt  model  and  the  monthly  potential
evapotranspiration. The snowmelt model was partitioned in three elevation zones. For
both models the calibration period was 15 years.
Fifteen hypothetical scenarios HYPO ΔT, ΔP where ΔT is temperature increase by 1, 2,
4°C and ΔP is precipitation change by 0, ±10, ±20% and two GISS (Goddard Institute
for Space Studies) predicted scenarios with both monthly precipitation and temperature
changes denoted as GISS (t,p) and with monthly temperature changes alone denoted as
GISS (t, 0) were simulated 
Four variables were collected:
 The  monthly  average  catchment  groundwater  variable,  that  presented
significant changes for all the climate scenarios. Warmer and wetter climates
resulted  in  more  rainfall  than  snow,  so  more  moisture  was  available  during
winter and early winter than in the summer.
 The  monthly  average  of  streamflow,  presented  significant  changes  for  all
scenarios. The snow storage decrease and the change in timing of snowmelt in
comparison to the rainfall  shifted the annual peak of the hydrograph a timer
earlier in the year. The summer streamflow decreased.
 The  seasonal  and  monthly  changes  of  the  groundwater  to  streamflow  ratio
GWR. When temperature  increases  for  every precipitation  change the winter
GWR reduces and the summer GWR increases. This is because temperature is
the main regulator of the accumulation and melting of snow-storages. Changes
in temperature influence directly the seasonal runoff. Fig 18 shows the monthly
mean groundwater for HYPO, GISS and base case climate scenarios and the
monthly changes of the GWR for all scenarios.
.
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  Fig 9 Monthly mean groundwater for HYPO, GISS and base case climate scenarios
. Panagoulia et al. (2009) [60] 
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6 Climate Change Adaptation 
and Adaptation Measures
Climate change is a global  and complicated challenge that  humanity should make a
special  effort  to  surmount.  This  phenomenon  exerts  considerable  pressure  on  the
society, science, economics, politics and unfortunately it is expected to be around for
decades and centuries to come. The heat trapping greenhouse gas, carbon dioxide, will
remain in the atmosphere for hundreds of years  and Earth needs time to respond to
warming. Assuming zero greenhouse emissions today, climate change is still expected
to affect future generations. 
The question is how much will the climate change. The answer is obvious. The more
emissions  we  create  the  more  the  climate  changes.  Responding  to  climate  change
involves a two -pronged approach. 
1. Reducing emissions and stabilize the greenhouses gases in the atmosphere
2. Adapting to climate change already in the pipeline.
3. To do nothing 
According to the 2007 report on Mitigation to Climate Change from the United Nations
Intergovernmental  Panel  on Climate  Change “Mitigation  is  a  human intervention  to
reduce the sources or enhance the sinks of greenhouse gases”[62] Mitigation can be
achieved either by reducing the sources of greenhouse gases or enhancing the “sinks”
that  accumulate  and stir  these gases  (such as  oceans,  forests  and soil).  The goal  of
mitigation is to “stabilize greenhouse gases levels in a timeframe sufficient to allow to
ecosystems to adapt  naturally  to  climate change,  ensure that  food production in not
threatened and to enable economic development to proceed in a sustainable manner”
IPCC [63] .
Adaptation involves adjusting to actual or expected future climate. The goal is for our
society to be less vulnerable to the devastating consequences of climate change. History
shows  that  societies  have  managed  to  adjust  to  changes  in  climate.  Part  of  the
development  of  modern  civilization  is  attributed  to  the  stability  of  the  climate.
-50-
Nowadays that climate shows significant change we should be accustomed to evolve
adaptation plans. Unfortunately, the faster the climate changes, the harder it could be. 
The following triangle diagram from the IPCC Fourth Assessment Report (ICPP, 2007)
reveals that there are costs associated with mitigation and adaptation. 
.Figure 9  Triangle diagram describing the relationship between adaptation, mitigation
and inaction (IPCC, 2007).
It is easily recognizable that inaction is connected to extremely high costs of climate
impacts.  It  is  also  almost  impossible  to  reduce  greenhouse  gases  only  through
mitigation. Both mitigation and adaptation are necessary to deteriorate climate impacts.
In an attempt to intergrade opportunities to climate adaptation and mitigation within the
Canadian energy sector, [63] illustrated that mitigation is essential to reduce the effects
of climate change, while adaptation is necessary to ensure a sustainable future for the
upcoming generations. 
The  first  keystone  step  has  been  achieved  in  Paris,  in  2015,  where  almost  9400
representatives from the United Nations bodies and agencies, agreed that efforts should
be made to limit the temperature increase to 1.5o C above pre-industrial levels by 2030.
Undeniably, access to any form of energy is very important to satisfy social, economic
and health development for all populations globally. Considering that the vast majority
of the greenhouse gases come from the energy sector, reduction of the pollutant gases
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should be the first priority of our generation. Strategies have already been developed
ranging from individual, to regional, national and worldwide.
Transition to renewable energy which includes solar, geothermal, wind, bioenergy and
hydropower, is a way to reduce the polluting electricity related emissions. 
Hydropower  is  the  largest  source  of  renewable  energy  in  the  electricity  sector.  It
contributes to the economic and social  development  as a result of energy and water
management services provisions. 
Hydropower  potential  can  be  affected  by  the  change  in  climatic  conditions.  As
atmospheric  temperature  is  anticipated  to  increase,  variations  in  precipitation  and
intensity and frequency of weather events are likely to occur. Regional impacts such as
storms, droughts and increase in sea level are likely to occur. Hydpropower is closely
dependent on water resources, consequently alterations in precipitation and temperature
are  expected  to  affect  the  runoff  volume  as  well  as  the  river  flow  seasonality.
Additionally, extreme meteorological events may put into risk hydropower installations.
The energy sector so far in order to deal with climate change has established either
mitigation  to  reduce  greenhouse  gasses  (GHG)  emissions  or  adaptation  actions.
Nowadays, new strategies have shown that it could be more beneficial if a combination
of them is introduced. Integrated mitigation and adaptation actions decrease the risk on
energy infrastructure and increase its efficiency [63]. 
According to Hamududu (2012) [27], the hydropower sector will be slightly affected by
climate change. New hydropower plants should be constructed in regions where hydro
potential  is  unexploited,  while  hydropower  saturated  regions  should  enhance  the
technologies of the existing plants. However, their analysis  assumed that the current
hydropower generation is limited only by changes in water availability not taking into
consideration other parameters. 
Gaudardan (2013) [34], who modeled the Mauvoisin (Switzerland) installations , have
shown that if the hydraulic head of the reduced volume is maximized and the turbine
schedule is optimized loss in power production will not lead to revenue losses
Vicuna et al. 2007 [30] showed that electricity produced by high elevation hydropower
systems in California, is not affected by changes in the streamflow timing if the plants
have sufficient storage capacity.
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A  representative  example  is  the  Lower  Churchill  hydroelectric  generation  plan  at
Muskrat Falls in Labrador in Canada. The installation is expected to contribute to GHGs
mitigation  by  implementing  managerial  decisions  and  actions.  Technology  already
installed in the plant is adequate to ensure adaptation to climate change. It includes the
connection of the isolated island of Newfoundland through the Labrador-Island Link
and  the  Maritime  Link.  This  will  enhance  systems  resilience,  as  isolated  grids  are
limited in their performance and their response to extreme climate conditions. 
The company involved in  the project,  in  collaboration  with researchers  who used a
variety of climate change models, have considered climate change effects on runoff and
river flow, in the design of the plant. In addition, to protect the tower foundation from
extreme  weather  conditions,  the  company  has  reinforced  it  to  be  protected  from
extended corrosion [63].
On the other hand, run- of-the river hydropower plants have no ability to store water
and handle floods, therefore they are vulnerable to variations in flows resulting from
climate change. 
Pakistan,  an Asian country,  is  one of the most  vulnerable countries  to the expected
climate change and is already found under water stress. Indus river is the only water
source of the country and has a 30-day water supply capacity.  Changes in snowmelt
have led to the reduction of the flow of the river. Water and power supply in Pakistan
are  unstable,  impairing  the  economy  and  the  attempt  of  the  country  to  overcome
poverty. 
The Water  and  Power  Development  Authority  (WADPA),  in  2018,  has  decided  to
establish  hydropower  plants  in  the  Indus  Basin.  The  river  flows  follow  seasonal
patterns, with an 85% flow from April to September and only a 15% flow from October
to March. Simultaneously,  infrastructure unable to store the monsoon downpours put
power and water supply into risk [64].
Winter mean and maximum temperatures from 1960 to 2010 have revealed significant
increase, while mean and minimum temperature in the summer have decline trends. [62]
Data  from  1951  to  2000  have  shown  a  decrease  in  precipitation  in  the  western
highlands and an increase in the coastal areas [65].
The  frequency  of  extreme  events  has  increased  during  the  last  decades  with  the
deadliest ones occurring in 2010, 2011 and 2014. Under these conditions WADPA has
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proposed a hydropower production program that adopts the upcoming climate changes
including:
 Multipurpose plants with large dams and reservoirs to regulate floods and to
release water when needed. 
 Cascade Arrangements 
System-scale  initiatives  have  also  been  suggested,  parallel  to  the  hydropower
production program that should include:
 A  Hydrological  Forecasting  System  which  monitors  the  basin  hydrograph
together with adaptive management rules 
 A Water Resource Management program to regulate the use of water 
 Managerial strategies for the upstream catchment to reduce floods, erosion etc. 
Project Design Options such as:
 Increasing the dam height to confront increase in runoff from glaciers
 Strengthening of the infrastructure to withstand meteorological events
 Use of different types of turbines that can easily adapt to flow fluctuations
 Construction of canals and tunnels to release water in case of extreme flows
Operations Management Strategies to secure the hydropower system like:
 Flood control by the upstream projects to offer downstream protection
 Irrigation control during the dry periods 
 High dams in the watershed to secure the annual power production. 
Project Level Options
 A shift  from project level mitigation to basin river adaptation plans imposed
through the entire Indus River catchment. 
The world's largest hydropower station in China's the Three Gorges Dam has not only
been constructed for electricity generation. With installed capacity reaching 22,5 GW,
generating 88,2 Twh of electricity per year, it has been mainly constructed to handle
seasonal downpour of Yangtze River. Floods are a common problem in the area and
appear many times throughout the year. Before the development of the station, in 1999,
an extreme flood caused economic losses of 26 billion dollars, while when flood event
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of similar order occurred in 2007 after the construction of the dam, water inflow was
manageable  protecting  local  communities  and  economy.  Despite  the  fact  that
hydropower can protect from floods and droughts, the plant operators usually are not
rewarded for these services, so storage projects development is not encouraged.
Water is one of the main elements that sustain human life. Only 0,6% of water on the
planet is available and harmless for use. Moreover, water is unevenly distributed around
the world, with countries having the resource in adequacy and others suffering from
water shortages. There exist also differences in water availability within each country.
In Greece, the mean annual precipitation is 850mm/year, with most of the rain falling in
the western part of the country (appr. 1500mm/year), while in the eastern part, Crete
and the Aegean islands precipitation level is 400mm/year [44]. Greece, as a European
country is already affected by changes in the climate. Precipitation and river runoff is
expected  to  decrease  while  temperature  is  likely  to  show  positive  trends.  Water
resources  and  hydraulic  works  are  under  pressure  and  policy  measures  should
immediately be taken. 
Mimikou  (2005)  [45] suggests  that  the  entire  water  sector  in  Greece  should  be
reorganized without any further delay. 
Actions to be taken should include:
 A National Council of Water Resources to develop a national water policy. This
institution should be technologically and scientifically supported by the National
Water Research
 The  Water  Framework  Directive  should  be  frequently  updated  incorporating
resent climate model projections
 Water resources should be thoughtfully shared according to a balanced manner. 
Furthermore, any decrease in mean annual precipitation increases the reservoir risk level
of  annual  water  supply and power production.  A research  to  assess  climate  change
impacts on the Polyfyto reservoir on the Aliakmon river in northern Greece by [58] has
shown that climate change is associated with high risk levels concerning the operation
of the Polyfyto reservoir. Regarding that the reservoir is used for electricity production
and water  supply,  it  is essential  to keep risks at  tolerable levels.  They prooved that
increasing the reservoir volume is required to maintain the current risk levels and the
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minimise  climate  change  on  annual  energy  production  (more  details  have  been
presented in the 5.3.2). 
According  to  the  results  of  the  Bank  of  Greece  (2011)  in  the  period  2021-2050,.
precipitation  volume,  is  projected to decrease by 3% and 8% under the B2 and A2
scenario respectively,  while water potential,  including infiltration and runoff, for the
same period is likely to decrease by 14% and 22% under the same scenarios. For the
period 2071-2100, precipitation is expected to be reduced by 7% under the B2 scenario
and by 20% under the A1 B scenario and water potential by 30% under the B2 scenario
and 54% under the A2 scenario. 
Climate change on water resources has economic and social impacts on many human
activities, such as hypropower production, industry, agriculture, forestry, flood risk etc.
The Bank of Greece report (2011) states that climate change mitigation policies demand
global action and efforts in the direction to reduce CO2 emissions would not make any
difference  since  the Greek economy is  relatively small.  On the contrary,  adaptation
measures  should  be  immediately  implemented  to  reduce  the  damage  from  climate
change. They propose that an integrated water management plan would be a solution.
The plan should include a national land-use plan which describes all surface and under
water uses, a national water management plan, enhancement of the irrigation and urban
water supply systems, water reuse, artificial recharge of acquifers, protection of fresh
water reserves, development of water abstraction zones, preservation of underground
water,so that it can be used in the future and incentives to reduce water consumption.
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7 Conclusions
Global warming as a result of anthropogenic activities such as fossil fuels burning, is a
global,  threat demanding strong global action.  All countries,  from the poorest to the
richest ones, will suffer, as climate change is expected to put at risk basic elements of
human life, such as food production, access to water and human health. 
Climate is a complex system. to be predicted. The 'more we know the less we can be
sure of 'says UN panel. Yet, nobody knows for sure whether current predictions for the
next  decades  are  correct  or  not.  Better  observations,  advanced  climate  models,
incorporation of new technologies, development of computer simulations, and above all,
coordinated  scientific  collaboration,  are  essential  to  ensure  an  accurate  and  precise
assessment of the future impacts of climate change. 
Results from climate simulations have shown that on global scale, significant increase in
precipitation is expected in high latitudes, in Northern Europe, equatorial  Africa and
Asia and decrease  in  already water  stressed areas  such as  the  Mediterranean basin,
Northern Brazil and Southern Africa. 
Greece, as well as the entire Mediterranean basin, is one of the most vulnerable regions
on Earth that will suffer the most from changes in climate. Europe will become warmer
and this warming is expected to be higher in Southern Europe. Temperature increase is
expected to interact  with the hydrological  cycle,  leading to changes in precipitation,
evapotranspiration, soil moisture, melting glacier ice and river flow. 
Regarding climate change impacts on water resources in Greece, forecasts from global
and  regional  model  simulations  under  different  emissions  scenarios,  projected  an
increase in temperature and potential evapotranspiration, reduction in the mean annual
and summer runoff and shifting of the snowmelt period towards winter. As a result,
direct  and  indirect  impacts  on  water  resources,  water  supply  river,  flow discharge,
energy demand, supply and production are inevitable. 
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Precipitation and runoff in many regions are used as inflows to reservoirs at hydropower
plants, as a consequently even a small change in these variables (positive or negative)
affects hydropower generation capacity. 
Hydropower produced by the moving water is a renewable,  clean and cheap energy
source  which  is  expected  to  play  a  key  role  to  the  reduction  of  greenhouse  gases
emissions  and  adaptation  to  climate  change  impacts.  However,  new meteorological
climate conditions threaten the viability of the hydropower plants. 
Weather and climate are complex systems making difficult for scientists to predict how
the climate change is expected to change in the future.
The  IPCC  SREEN (Special  Report  on  Renewable  Energy  Sources) (2011)  [28],
announced that the overall climate change impact on the hydroelectricity production is
anticipated to be relative law, however, on country level, projections show significant
increase in precipitation in some regions and decrease in others. 
In  Greece,  mean  annual  precipitation  and  runoff  is  expected  to  reduce,  floods  and
snowmelt trends are shifting towards winter, the reservoir risk level of annual water
supply and power production will be increased.
Unfortunately, we cannot prevent the climate change that is expected to occur over the
next decades, but it is up to us to regulate the extent of it. Global economy,  human
health and water resources will be severely affected. if no action is taken. Mitigation is
essential to reduce the effects of climate change, while adaptation is necessary to ensure
a sustainable future for the upcoming generations.
System scale initiatives, such as a Hydrological Forecasting System, a Water Resource
Management  program,  managerial  strategies  for  the  upstream  catchment  such  as
increasing  the  dam  height,  strengthenig  the  infrastruction,  operational  management
strategies, such as flood and irrigation control should be immediately implemented to
secure the hydropower system. 
Drastic action in the water sector in Greece including national water policy, updating of
the Water Framework Directive (EC 200/60) and incorporation of climate change in
it ,as well as rational share of the available water, should be taken. Reservoir storage
volume should be increased to ensure that hydropower production remains at tolerable
risk levels in the future. 
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UN Secretary General Antonio Guterres has said that if the world doesn't change course
by 2020, we run the risk of runaway climate change “We are heading towards the edge
of the abyss. Our fate is in our hands. (BBC news). 
In my opinion, climate changes faster than we think. Day by day, year by year humans
increase  their  consumption,  most  of  the  times  beyond  their  needs.  The  more  we
consume, the more energy is demanded and produced, renewables are not enough to
cover energy demand, fossil fuels are still used, greenhouses gases are emitted. At first
glance the situation seems irreversible,  but  we can all  make a  difference to climate
change. Many scientists believe that if we take action now we can reduce further global
warming. Thinking of simple things, we can change in our lifestyle and behavior is a
step to reduce human impact on the environment and protect our home Earth
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Appendix II
Acronyms and Abbreviations 
CCC Canadian Centre for Climate (Modelling and Analysis) (Canada)
CSP Concentrating Solar Power
COP21 Conference of the Parties
CMIP3 and CMIP5 Coupled Model Intercomparison Project 
GCM Global Climate Model
HadCM Hadley Centre Coupled Model  
HIRHAM subset of HIRLAM and ECHAM models 
IISD International Institute for Sustainable Development )
LHP  Large Hydropower Plants
MAGICC Model for the Assessment of Greenhouse gas Induced Climate
Change
ND-GAIN Notre Dame’s Global Adaptation Index 
NOA National Observatory of Athens
NSWR National Strategy for Watre Resources  
NTUA Laboratory of Hydrology and Water Resources Management of
the National Technical University of Athens 
OECD Organisation for Economic Co-operation and Development 
PET Potential Evapotranspiration 
PPC Public Power Corporation
PV .Photovoltaic
RAE Regulatory Authority of Greece  
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RBD  River Basin Districts 
RCAPC Research Center for Atmospheric Physics and climatology of the
Academyof Athens 
RCA3 Rossby Centre Regional Climate model , 
RCM Regional Climate Model
REMO Regional model 
SA90 Scientific Assessment SA90
SHP Small Hydropower Plants 
SRES Special Report of Emission Scenarios 
SRREN Special Report on Renewable Energy Sources
UKHI United Kingdom High-resolution climate model
UKTR United Kingdom Transient climate experiment
UNFCCC United Nations Framework Convention on Climate Change 
WADPA Water and Power Development Authority 
WFD Water Framework Directive 
-68-
